munication
by the synchronized, high-frequency contraction of skeletal, sonic muscles. In midshipman, eight groups of brainstem neurons were distinguished after biocytin application to the sonic nerve that, we propose, represent the entire vocal motor circuit. Biocytin-filled terminals were ubiquitous within all areas containing labeled neurons and, together with ultrastructural evidence, suggested a serial, transneuronal transport at synaptic sites between at least three neuronal groups. The most intensely labeled neurons were positioned in the caudal brainstem and included a previously characterized pacemaker-motoneuron circuit and a newly recognized ventral medullary nucleus that itself gave rise to extensive commissural and lateral brainstem bundles linking the pacemaker circuitry to the rostra1 brainstem. Five additional groups formed a column rostrally within the medial brainstem adjacent to eighth nerve (octaval)-recipient nuclei largely presumed to be acoustic. This column extended dorsally up to the ventricular cell layer and as far anterior as midbrain isthmal levels. The best-defined group was in the octaval efferent nucleus that directly innervates the sacculus that is considered the auditory division of the inner ear. Saccular afferents and neurons throughout the medial column were also filled after biocytin application to the saccular nerve. This vocal-acoustic network overlaps low-threshold, electrical stimulation sites in the rostra1 brainstem that elicit vocalizations.
The medial column must therefore be the origin of the descending pathway controlling activation of the vocal pacemaker circuitry and likely forms the basis for acoustically elicited vocalizations. We suggest this network, together with input from the pacemaker circuitry, is also the origin of a vocal-related, corollary discharge to acoustic nuclei. Direct links between vocal and acoustic brain regions are thus traits common to aquatic and terrestrial vertebrates.
[Key words: brainstem, pacemaker circuit, vocalization, acoustic,
corollary discharge]
Teleost fishes generate acoustic communication signals important to both their survivorship and reproductive success (reviews: Bass, 1990 Bass, , 1992 . Among Batrachoidiformes, an order of marine fishes, sound is generated by the contraction of paired skeletal, sonic muscles attached to the lateral walls of the swim bladder (SM, Fig. lA,B) . From a comparative, evolutionary perspective with tetrapods, it is appropriate to classify the acoustic signals ofthese fish as vocalizations. Tetrapods use laryngeal, syringeal, and tongue musculature to vocalize. These sonic muscles share a number of traits with those of batrachoidid fishes including the production of species-and sex-typical acoustic signals, differentiation as skeletal muscles originating from occipital somites, and innervation by homologous sets of motoneurons: syringeal and tongue muscles are innervated by the hypoglossal motor nucleus, which is considered a homolog of the batrachoidid sonic motor nucleus (review: Bass, 1989 ).
In the plainfin midshipman (Povichthys notutus), a representative batrachoidid, the sonic motor nucleus (SMN, Fig. 1C ) has a midline position at the caudal end of the brainstem and innervates the ipsilateral muscle via occipital nerve roots (OC, Fig. 1 C) . So far, extensive intracellular recording and staining studies in midshipman have identified individual pacemaker neurons, which lie adjacent to the sonic motor nucleus (PN, Fig.  1 C) , as the only source of direct synaptic input onto sonic motoneurons (Bass and Baker, 1990) . Pacemaker neurons set the discharge frequency ofthe motoneurons, which then determines the contraction rate ofthe muscles and, in turn, the fundamental frequency of vocalizations. Individual pacemaker neurons innervate both motor nuclei, consistent with the hypothesis that their role is to synchronize motoneuron firing that leads to the simultaneous contraction of both muscles at the fundamental frequency. Thus, there is a direct relationship between the rhythmic, patterned output of a brainstem pacemaker circuit and the physical attributes of species-and sex-typical vocalizations.
One long-term goal of vocal motor studies in both anamniotes and amniotes has been to identify the neurons controlling the rhythmic discharge of the vocal pacemaker circuitry. While a number of studies in batrachoidid fishes had used electrical stimulation to elicit vocalizations at sites distant from the motor nucleus, the positions of neuronal groups forming a descending pathway were unknown (review: Bass and Baker, 199 1). As mentioned above, intracellular studies have so far identified individual pacemaker neurons as providing the sole input to sonic motoneurons. Given the limitations of single-cell studies in delineating the complete extent and location of neurons within a circuit, a potential transneuronal tracer was sought to both map the entire complement of pacemaker neurons and identify their afferents. Biocytin, a complex of biotin and lysine, was chosen as a candidate transneuronal tracer for a number of reasons, foremost among which were its low molecular weight (372), diffusion throughout the soma-dendritic-axonal compartments of neurons, and high affinity for avidin, which made showing the position of the swim bladder (SB) and attached sonic muscles (SM) at the level of the pelvic fin (P). B, Line drawing of a ventral view ofa male; the testes(r) have been deflected to show the paired sonic muscles (SA4) attached to the swim bladder's walls. C, A schematic reconstruction superimposed on a dorsal view of the midshipman's brain showing the positions of the eight groups of biocytin-filled neurons labeled following biocytin labeling of the sonic nerve at the level of the swim bladder (BC*, B). The approximate anterior-posterior extent of the line drawings presented in Figures 4, 6, and 8 is indicated. AC, anterior canal ampulla; C, cerebellum; DT, dorsal tegmental group; HC, horizontal canal ampulla; HP, hindbrain paraventricular group; ZP, isthmal paraventricular group; M, midbrain; OB, olfactory bulb; OL, olfactory nerve; OC, occipital nerves; ON, optic nerve; PLLN, posterior lateral line nerve; PN, pacemaker neurons; SA, saccular otolith; SE, statoacoustic efferent nucleus; SMN, sonic motor nucleus; SP, spinal cord; T, telencephalon; V, trigeminal nerve; VM, ventral medullary nucleus; VT, ventral tegmental group; VIII, eighth nerve; IX, glossopharyngeal nerve; I", vagus nerve. Scale bar, 1 mm.
it optimally suited for use with a variety of immunocytochemical markers (Horikawa and Armstrong, 1988) . Surprisingly, biocytin labeling of the midshipman's sonic nerve at the level of the swim bladder delineated the full extent of the pacemaker circuitry and, more impressively, demonstrated a linkage between that circuitry and acoustic regions ofthe rostra1 brainstem extending up to midbrain levels. A vocal-acoustic linkage was further implied when, after biocytin labeling of the eighth nerve, which in,nervates the inner ear, transneuronal transport resulted in the filling of neurons that were also labeled via the sonic nerve.
Comparisons with neurophysiological studies indicate this vocal-acoustic network must include the pathway for descending control of the vocal pacemaker circuit, which, in part, could be activated by primary or higher-order acoustic inputs. We suggest that this vocal-acoustic circuit also includes a corollary discharge pathway by which vocal motor information reaches the acoustic system, analogous to convergences within the teleostean electrosensory/motor and the mammalian auditory/vocal systems (Suga and Shimozawa, 1974; Bell, 1989; Metzner, 1993) . Finally, as reasoned here, if the entire complement of neurons in a vertebrate circuit can be delineated by a single application of a tracer to its most peripheral element, a motor or sensory nerve, then this technique has obvious advantages over most other tract-tracing methqdologies, especially for small, nonmammalian vertebrates. The comprehensive mapping suggested here by biocytin provides an immediate guide to the causal analysis of a neuronal network, like a vocal motor circuit, determining the execution of a specific behavior, such as vocalizations.
Portions of these results were reported earlier .
Materials and Methods
This study included both adult and juvenile midshipman fish. Previous behavioral, morphological, and neurophysiological studies have characterized the vocal behavior and motor system of midshipman (Bass, 1992) . Although vocalizations and motor traits differ both within and between sexes (Bass, 1992) , the results presented here are characteristic of all groups; sex-and age-related polymorphisms will be presented elsewhere. The purpose here is to delineate the vocal-acoustic circuit using biocytin as a transneuronal tracer for identifying multisynaptic pathways.
Adults and juveniles were captured at field sites during the periods June-August, 1990-93. All animals were maintained in running seawater holding tanks at a temperature of 12-l 3°C. and fed a regular diet of brine shrimp or surfperch. Following anesthetization with tricaine methanesulfonate (MS222, Sigma Chemical Co., St. Louis, MO), a ventral incision was made through the body wall to expose the ipsilateral sonic muscle. Biocytin (Sigma) was used in one of two ways: (1) as a 2% solution dissolved in teleost Ringer's (Cavanaugh, 1956 ) and injected into a single sonic muscle with a Hamilton syringe in volumes of l-10 ~1 depending on muscle size or (2) as crystals directly applied to the cut end of a single sonic nerve following exposure of the nerve which traverses the underside of the muscle (BC*, Fig. 1B ). After application of biocytin, the ventrum was sutured shut, sealed with Vetbond (3M, St. Paul, MN), and the animal was returned to its home tank for recovery. The results presented here are based on experiments in 38 sexually mature adults (standard length, 6.3-l 6.0 cm), and 10 sexually immature juveniles (4-l 1.5 cm).
Following survival times ranging from 1 to 2 1 d for specimens with muscle injections (n = 27; mean survival time, 6.6 d), or 0.5-13 d for specimens with crystal application (n = 21; mean survival time, 7.4 d), specimens were reanesthetized with MS222, perfused transcardially with cold teleost Ringer's followed by cold 4% paraformaldehyde, 1% glutaraldehyde dissolved in 0.1 M uhosphate buffer (PB). and then Dostfixed for 1 hr-in the fixative. Brains were stored for l-14 d in PB and cut frozen (after storage in 30% sucrose-PB overnight) at 50 Km, or vibratomed at 70 pm, in the transverse, horizontal, or sagittal planes. Sections were stored in phosphate-buffered saline (PBS) and then processed with a procedure modified from that of Horikawa and Armstrong (1988) : (I) washed twice, 10 min each, in PBS; (2) incubated 30 min in 0.4% T&on-X in PBS; (3) incubated 3 hr in an avidin:biotinylated horseradish peroxidase complex (Elite Kit, Vector Laboratories, Burlingame, CA); (4) washed IO min in PBS; (5) washed twice in 0.05 M Tris-HCl buffer for 10 min each; (6) incubated l-2 min in 0.05% diaminobenzidine, 0.01% hydrogen peroxide dissolved in Tris, buffer solution; (7) washed twice in PB; and (8) stored in PB until mounted on chrom-alum subbed slides. Selected slides were counterstained with cresyl violet; all slides were dehydrated in a graded series of alcohols and then coverslipped. In four other specimens (three juveniles, one adult), a single sonic nerve was labeled with dextran-biotin (10 kDa; Molecular Probes, Inc., Eugene, OR); survival times ranged from 1 to 6 d. Tissue was processed as described above for biocytin.
There were also a number of experiments to control for specificity of uptake by the sonic nerve which included biocytin labeling together with cutting ofthe ipsilateral or contralateral nerve rostra1 to its entrance to the sonic muscle at the level of the swim bladder (five adults, two juveniles; 2-l 2 d survival), and labeling of dorsal and ventral trunk, or pectoral and pelvic fin, muscles (four adults; 5-7 d).
In six adults, the saccular or anterior branch (which carries saccular fibers) of the eighth nerve was exposed on one side and labeled with biocytin crystals (BC*, Fig. 1C ) for 4-l 1 d to aid the identification of recently described brainstem octaval nuclei in this order of teleosts (Highstein and Baker, 1986; Highstein et al., 1992) . The sacculus, which is the largest division of the inner ear in midshipman (SA, Fig. lC) , was the focus because it is considered the principal acoustic end organ in this and other species of teleosts (review: Popper and Fay, 1993) .
Vibratome sections were obtained from the brains of two adults with biocytin labeling of the sonic nerve. The previous labeling protocol was carried out with omission of the Triton-X incubation. Sections were then (I) postfixed for 1 hr in I .O% osmium tetroxide in PB, (2) washed in distilled water, (3) dehydrated through an alcohol series, (4) washed in propylene oxide, (5) infiltrated with Polybed 812, and (6) flat embedded. Thin sections were cut on an ultramicrotome and stained with Reynolds lead citrate and uranyl acetate. Photomicrographs were taken on a Philips 201 electron microscope.
Results

Biocytin methods
Biocytin-filled cells contained a homogeneous, dense, brown reaction product throughout the soma-dendritic and axonal compartments, giving them a Golgi-like appearance similar to retrogradely filled motoneurons (e.g., Fig. 2A ,C,G,H). Crystal application to a severed sonic nerve gave the most extensive pattern of transneuronal labeling in terms of cell number and rostra1 staining in the brainstem. The extent of transneuronal transport was also directly correlated to survival time for similarly sized specimens. At an ultrastructural level, biocytin label was similar to that described for Neurobiotin-labeled cells at injection sites (Huang et al., 1992) . A diffuse reaction product was found within labeled terminals, axons, and dendrites (t, a, d, respectively, Fig. 3A ,B); synaptic vesicles were uniformly coated with the reaction product (Fig. 3B ). Adjacent unlabeled terminals (u, Fig. 3B ) suggested selectivity of synaptic uptake sites.
A number ofexperiments controlled for specificity ofbiocytin transport. Labeling of one sonic nerve together with a proximal cut at the level of the swim bladder resulted in no central transport. Bilateral transneuronal transport usually occurred throughout the vocal motor circuit after cutting the contralateral nerve. Thus, retrograde transport from either a single sonic muscle or nerve accounted for the entire bilateral pattern of transneuronal transport described here. There were no biocytinfilled neurons within the vocal motor circuit following labeling of trunk or fin muscles. Instead, biocytin-filled motoneurons were found within the ventral motor column in a pattern consistent with reports in midshipman and other teleosts using horseradish peroxidase (HRP) as a retrograde tracer (see Bass, 1985; Finger and Kalil, 1985) ; parallel experiments using dextran-biotin would be necessary to distinguish transneuronal labeling.
Vocal circuit
Following ipsilateral labeling of the sonic nerve, eight groups of biocytin-filled neurons were identified. The three groups of neurons at the level of the motor nucleus will first be presented followed by the five within the more rostra1 acoustic efferent and afferent nuclei. The extent and positions of each of these groups have been superimposed on a dorsal view of the brainstem in Figure 1C .
Motor nucleus. The midline pair of sonic motor nuclei extend from the caudal brainstem into the rostra1 spinal cord. The boundaries of the ovoid-shaped motor nuclei are well defined and the positions of motoneurons are always confined to within those boundaries (Bass, 1985; Bass and Baker, 1990) . Biocytin labeling of a single sonic nerve resulted in bilateral labeling of sonic motoneurons (SMN, Figs. 2A-D, 4A-G). Isolated, biocytin-filled fibers crossed the medial longitudinal fasciculus (MLF), which lies just ventral to the sonic motor nucleus, along the rostralxaudal extent of the sonic motor nuclei ( Fig. 4D-G) . In contrast, labeling of the sonic nerve with the high-molecularweight dextran-biotin resulted in labeling of only ipsilateral motoneuron axons and somata whose dendrites extended into the contralateral motor nucleus; no labeled fibers were found in the MLF (Fig. 2E,F) .
Both biocytin and dextran-biotin labeling of the sonic nerve distinguished a rostra1 group of motoneurons whose ovoidshaped somata were about 50% smaller than the round-shaped motoneurons that predominated the remainder of the nucleus (Fig. 2C,D,F) . In Figure 5 , A and B are horizontal sections showing a pattern observed in 27 specimens where motoneurons were labeled bilaterally throughout the rostralsaudal extent of the nucleus. There was extensive crossing of fibers at the midline, A diffuse reaction product appeared within terminals, axons, and dendrites (t, a, d, respectively for corresponding structures in A, B). Synaptic vesicles within the labeled terminal (t, B) were uniformly coated with the reaction product. Note absence ofreaction product in other terminals with 'synaptic vesicles (u) along the labeled dendrite, suggesting selectivity of transneuronal transport. Scale bars: A, 2.0 pm; B, 0.8 w.
Sonic motor axons (a; B, E) exit the nucleus ventrally. Biocytin-filled pacemaker neurons (IT) are distributed along the ventrolateral margins of the sonic motor nuclei (e.g., B, G). At rostra1 levels, labeled fibers and somata continue ventrolaterally and give rise to a distinct group in ,the ventrolateral medulla (VM; D. H, J-L; see Fig. 5C ) ramified across the midline into the contralateral nucleus. Contralaterally, labeling was confined to the rostra1 cluster of smaller motoneurons where there was extensive crossing of fibers (Fig.  5D) , as was seen in Figure 5 , A and B. In 4 of the 19 cases, there were also biocytin-filled nonmotoneurons.
Pacemaker neurons. The fusiform-shaped, biocytin-filled neurons identified as pacemaker neurons along the ventrolateral perimeter of the sonic motor nucleus (PN, Figs. 2B,G; 4A-F) were entirely similar in size, morphology, and position to individual, neurophysiologically identified, HRP-filled pacemaker neurons (Bass and Baker, 1990) . Biocytin-filled terminals were found within the sonic motor nucleus and must largely represent the terminal boutons of pacemaker axons, while fibers that extended laterally along the sonic motor nucleus (e.g., Fig.  2A , B, G) must be the lateral dendrites of pacemaker neurons (see Bass and Baker, 1990, and Discussion) . Some lateral dendrites, especially those at rostra1 levels (e.g., Fig. 2C,D) , however, must be those of motoneurons since they were also labeled with dextran-biotin (d, Fig. 2F ), which was not transported transneuronally. Biocytin-filled terminal boutons were also found outside of the sonic motor nucleus (e.g., Fig. 21 ) and presumably originated from other biocytin-filled nonmotoneurons (see below). The latter may include labeled neurons infrequently found dorsolateral to the motor nucleus (Fig. 4E,F) in positions corresponding to tyrosine hydroxylase-positive neurons whose axons terminate extensively in the neuropil lateral to sonic motoneurons .
Ventral medullary nucleus. At the far rostra1 level of the sonic motor nucleus, biocytin-filled neurons continued ventrolaterally amid exiting sonic motor axons and gave rise to a previously unrecognized, dense group of round to ovoid-shaped neurons eighth nerve (see below). The efferent nucleus had rostra1 and lacking the Golgi-like, intense filling characteristic of all other caudal divisions (Fig. 6, B and C, respectively) separated by biocytin-labeled neurons (Fig. 7&D) . The labeled somata were internal arcuate fibers. Following biocytin labeling of the sonic found within the caudal division of the efferent nucleus (Fig.  nerve , filled terminals were positioned along the dendrites and 6C) and corresponded to a dorsal subgroup in the closely related somata of efferent neurons that themselves were lightly stained, toadfish where individual neurons were identified physiologi- tally and anatomically as projecting mainly to the sacculus (Highstein and Baker, 1986) . After sonic or eighth nerve labeling, biocytin-filled neurons were also found within a ventrolatera1 subgroup of the efferent nucleus that also had terminals covering their somata (SE, Fig. 7E ).
The lateral bundle extended ventral to all divisions of the facial motor nucleus (VII, Fig. 6&C ) and continued farther rostrally to surround the ventromedial aspect of a caudal division of the trigeminal motor nucleus (V, Figs. 6D-F, 7F ). Biocytin-filled terminals were diffusely scattered over somata within the facial and trigeminal motor nuclei.
Statoacoustic afferent nuclei. As the lateral bundle continued along the lateral brainstem, it joined two groups of densely filled neurons at the level of eighth nerve-recipient, octaval nuclei. A ventral tegmental group (VT) of round-shaped cells was ventromedial to the descending (DO) and magnocellular (M) octaval nuclei (Figs. 6F, 7F-H) . The ventral tegmental neurons formed a continuum with a second, dorsal tegmental (DT) group of smaller, round or fusiform-shaped cells positioned within and around the dorsomedial aspect of the descending nucleus (Figs. 6E,F, 7F,Z,J). Dorsal tegmental neurons extended dorsally up to the ventricular cell layer (VC, Fig. 7K ,L) and slightly farther rostra1 than ventral tegmental neurons. Labeled fibers from the tegmental groups crossed the midline among internal arcuate fibers and were continuous with the homonymous, contralateral neurons (CO, Figs. 6F, 7F ). This site was the second major crossing of biocytin-labeled fibers rostra1 to the sonic motor nucleus, although the bundle was not nearly as dense as that joining the more caudal, ventral medullary neurons. Although labeled terminal boutons were scattered throughout the octaval region, they were concentrated over nucleus magnocellularis and the tegmental groups (Fig. 7%J) . Labeled terminals were also found within a rostra1 division of the trigeminal motor nucleus (V, Fig. U,B) .
Rostra1 to the entrance of the trigeminal nerve, a fourth, hindbrain paraventricular group (HP) of small, spherical-shaped, biocytin-filled neurons was also located along the ventricular cell layer, medial to the anterior octaval nucleus (Figs. 7A4, 8B ). Biocytin-filled fibers from this cluster streamed ventrolaterally to join the lateral bundle. Farther rostra& a dense field of terminal boutons was coincident with the lateral bundle up to and including the most ventral granule cells of the cerebellum's eminentia granularis (EG, Figs. 8C, 9.4,B; for cerebellar terminology, see Bass, 1982) .
As the lateral bundle continued into the midbrain, faintly staining fibers and terminals were found in an isthmal nucleus (Is) of small, round cells (Figs. 80, 9C ) positioned between the torus semicircularis (TS, Fig. 8D ) and the lateral lemniscus (LL, Fig. 80) . A fifth, isthmal paraventricular group (IP) of biocytinfilled neurons was also found along the ventricular cell layer (Figs. 8D,E; 9D ). Their fibers, like, those of the hindbrain paraventricular group, extended ventrolateral and joined the lateral bundle. Labeled fibers were also located in and around the lateral lemniscus, and in the torus semicircularis (Fig. SD,E) . Dorsal root afferents. In many cases, dorsal root afferents at the level of the sonic motor nucleus ipsilateral to the injection site contained biocytin-filled fibers that terminated in the funicular nuclei (Fig. 4) . These afferents were never found to terminate in any of the vocal motor or acoustic nuclei identified here. Labeled fibers continued rostrally in the descending tract of the trigeminal and terminated medial to the tract, just rostra1 to the dorsal and ventral tegmental groups of biocytin-filled neurons (Fig. 6) . Inputs to the funicular nuclei were also seen in specimens with biocytin labeling of the trunk, fin, or head muscles. Dorsal root afferents were not labeled in dextran-biotin preparations, suggesting a lack of transport across ganglion cells. The source of the biocytin-labeled afferents has not yet been specified.
Eighth nerve labeling
The labeling pattern of biocytin-filled, octaval afferents ( Fig.  9E -G,Z,J) resembled that reported in the closely related toadfish (Highstein et al., 1992) . Afferents from the saccular branch of the eighth nerve were densely labeled throughout the octaval cell column (e.g., AO, DO; Fig. 9F ,G,Z,J) and the eminentia granularis (EG, Fig. 9E ). A separate report will describe the central projections of each of the octaval end organs; only those results pertinent to the present study are focused upon here. These results also indicated that transneuronal transfer of biocytin was possible after labeling ofa sensory, for example, eighth, nerve. Thus, biocytin transfer across neuronal groups was not limited to a motor, for example, sonic, nerve innervating skeletal muscle. Biocytin-filled neurons were found at five principal sites. The first site was the statoacoustic efferent nucleus that was also labeled transneuronally via the sonic nerve. Efferent neurons had an expansive dendritic tree (SE, Fig. 91-K) . Their axons (a, Fig. 9G-I ), as their dendrites and somata, were densely filled with biocytin after saccular, but not sonic, nerve labeling. The lateral brainstem bundle labeled transneuronally from the sonic nerve completely overlapped the anterior-posterior and mediallateral extent of the efferent neurons' dendrites, which extended to the subpial edge of the ventrolateral brainstem (compare Figs. 7A and 9J,K). The efferent nucleus described here is the only known brainstem source of direct innervation of the inner ear of teleosts (review: Roberts and Meredith, 1992) . Thus, the remaining biocytin-filled neurons within the octaval complex were likely labeled via transneuronal coupling. This clearly included the dorsal and ventral tegmental groups (DT, VT; Fig.  9L ) that were also labeled transneuronally via the sonic nerve. A fourth, large cluster of biocytin-filled neurons were found dorsomedially along the midline, immediately caudal to the dorsal and ventral tegmental neurons, in an area that has been compared to the superior olivary complex of tetrapods (SO, Fig.  9H ; see Discussion). The fifth group was a dense cluster of round neurons lateral to the ventral medullary nucleus (VM, also labeled by the sonic nerve), where a few neurons were also filled (Fig. 9M) .
Discussion
Biocytin method Tritiated amino acids, wheat germ agglutinin (WGA), WGA conjugated to HRP, and fragment C of tetanus toxin have all been used as transneuronal tracers in vertebrates (e.g., Wiesel et al., 1974; Baker and Spencer, 1986; Evinger and Erichsen, 1986; Collins et al., 199 1) . In these cases, transneuronal labeling appears to involve transport across a single central synapse. Transneuronal transport of herpes simplex virus type 1 is reported across multiple synaptic levels, but its use is apparently restricted to mammals (cf. Hoover and Strick, 1993) . Horikawa and Armstrong (1988) first described the use of biocytin as an intracellular dye to reveal the complete morphology of single neurons in explant cultures of the supraoptic nucleus of rats. Both biocytin and Neurobiotin (biotinamide), another derivative of biotin, have also been utilized for anterograde and retrograde tracing in mammalian brain (King et al., 1989; Izzo, 1991; Lapper and Bolam, 1991; McDonald, 1992) . When retrograde transport provided a Golgi-like filling of neurons, it seemed to depend on large injections or axonal damage. In concordance with this observation, the most extensive retrograde (and transneuronal) transport of biocytin (or Neurobiotin) in midshipman occurs when the sonic nerve is cut and crystals are directly applied.
The extensive transneuronal transport of biocytin reported here for the vocal motor system may depend in large part on neuronal coupling via gap junctions. A previous electron microscopic study of the midshipman's sonic motor nucleus identified both axosomatic and axodendritic, morphologically mixed synapses with gap junctions adjacent to active zones usually associated with pleomorphic vesicles . As Horikawa and Armstrong (1988) pointed out, biocytin is small enough to pass through gap junctions. Vaney (199 1) injected biocytin or Neurobiotin into amacrine, horizontal, or ganglion cells of isolated cat or rabbit retinas and reported extensive tracer coupling between similar and different cell types. Thus, the most parsimonious interpretation is that intercellular transfer of biocytin is via gap junctions. As yet, information is not available as to the prevalence of gap junctions at sites other than the motor nucleus within the vocal-acoustic circuit identified here. An alternative or adjunct mechanism providing extensive neuronal coupling could be via a specific biocytin uptake mechanism at synaptic recognition sites (see also McDonald, 1992) .
Vocal motor circuit A number of pieces of evidence corroborate our contention here that the transneuronal biocytin transport we observed is specific to a vocal-acoustic circuit. This includes biocytin filling from the sonic nerve of (1) only contralateral sonic motoneurons and not other motoneurons in the vicinity ofthe sonic motor nucleus (see Bass, 1985) ; (2) neurons entirely similar in appearance and location to pacemaker neurons that were individually characterized neurophysiologically and anatomically as being the major, if not the only, source of direct synaptic input onto sonic motoneurons (Bass and Baker, 1990) ; (3) statoacoustic efferent neurons, also shown with intracellular methods to mainly innervate the sacculus (Highstein and Baker, 1986) ; and (4) neurons, fibers, and terminals in brainstem regions considered to be acoustic in teleosts (review: McCormick, 1992) . Biocytin labeling of the saccular branch of the eighth nerve also produced filling of neurons filled via the sonic nerve as well, further suggesting a vocal-acoustic circuit.
The "large" biocytin-filled motoneurons identified in this study are equivalent to those described previously with intracellular staining and recording as having dendrites that branch bilaterally throughout the sonic motor nuclei and a single, unbranched axon that enters the ipsilateral sonic nerve (Bass and Baker, 1990) . The functional attributes of the rostra1 cluster of smaller neurons within the sonic motor nucleus await analysis. Our data suggest these are motoneurons given that only small and large neurons were filled ipsilaterally within the sonic motor nucleus after dextran-biotin labeling of the sonic nerve, for which there was no evidence of transneuronal transfer. An earlier HRP study noted a light, granule-like precipitate in the somata of small neurons at the rostra1 pole of the sonic motor nucleus (Bass, 1985) which correspond to the small, biocytin and dextran-biotin filled neurons described here.
All biocytin-filled neurons, except those of the statoacoustic Fgure 9. Color photomrcrographs rllustratmg broqtin-filled neurons and fibers at the level of the cerebellum followmg labelmg of a single sonic nerve (4-O). and throughout the rostra1 brainstem after labeling of the eighth nerve (E-M). All sections, except H and K-M. are counterstained with cresyl violet. After labeling a single some nerve. the lateral bramstem bundle (LB) extends rostrally to antenor levels of the eminentra granularis (EC. A), where tt terminates (B: see Fig. 8C for corresponding hne drawing). Farther anterior, the lateral bundle terminates (t) m a mldbram rsthmal nucleus (C); spherical-shaped, broqtm-filled somata (s) he along the ventricular cell laler (D: see Fig. 80 for line draxmg) . Bioqtin labeling of efferent nucleus, had a Golgi-like appearance characteristic of biocytin or Neurobiotin retrogradely filled motoneurons and nonmotoneurons, and neurons close to central injection sites (Izzo, 1991; Huang et al., 1992; Lapper and Bolam, 1992; McDonald, 1992; present results) . Transneuronal retrograde transport has apparently occurred at synaptic sites across a minimum of three serially arranged, neuronal groups. The first site would be from ipsilateral motoneurons to pacemaker neurons bilaterally, which is consistent with extensive intracellular studies in both midshipman and toadfish. These studies demonstrate that pacemaker neurons are the only physiologically identified afferents to motoneurons and that individual pacemaker neurons densely innervate both motor nuclei (Pappas and Bennett, 1966; Bennett et al., 1985; Weiser et al., 1985; Bass and Baker, 1990) . HRP-filled pacemaker axons ramify among the somata of both large and small motoneurons (Bass and Baker, 1990 , unpublished observations), so both populations are likely sites of biocytin uptake. The second retrograde site would be from pacemaker neurons to the ventral medullary nucleus. The ventral medullary nucleus has not been identified as afferent to sonic motoneurons (Bass and Baker, 1990) ; its only possible retrograde source of biocytin would therefore be from pacemaker neurons. The third transneuronal site would occur between the ventral medullary nucleus and neurons of the rostra1 medulla (dorsal tegmental, ventral tegmental, and hindbrain paraventricular groups) and caudal midbrain (isthmal paraventricular group). All of these structures are likely to be interconnected in a manner more complex than that outlined above, for example, dorsal tegmental, hindbrain paraventricular, and midbrain isthma1 neurons all converging onto ventral tegmental neurons, which in turn project to ventral medullary neurons. The biocytin method has allowed us to identify at least some components of this circuitry, and thus we are now in a position to explore it explicitly using single-cell recording and staining methods.
Two additional sites of transneuronal transfer of biocytin are likely via an anterograde transport mechanism. The first site would be from pacemaker afferents to contralateral motoneurons. As noted above, intracellular studies have demonstrated that single pacemaker axons terminate densely within both sonic motor nuclei (Bass and Baker, 1990) . The second site of anterograde transport would be from one or more sources of biocytin-filled neurons onto the statoacoustic efferent neurons whose somata and dendrites were only lightly filled with biocytin. Similarly, Huang et al. (1992) reported anterograde transneuronal transfer of Neurobiotin from prefrontal cortex to neostriatum, which resulted in labeling of only the somata and primary dendrites of neostriatal cells positioned within areas of dense afferent fiber labeling.
Acoustic circuit Several studies in teleosts suggest that dorsal and medial regions of the rostra1 brainstem that receive saccular inputs are acoustic c The Journal of Neuroscience, July 1994, 14 (7) 4037 in function (McCormick, 1992) . The results of an HRP tracttracing study in toadfish (Highstein et al., 1992) , and now this biocytin study in midshipman, are consistent with this hypothesis. HRP or biocytin labeling of the expected efferent octaval neurons was also observed in both investigations. In addition, biocytin labeling in midshipman resulted in the filling of an antero-poster0 column of neurons that lies largely medial to the descending octaval nucleus. The caudal neurons of this column, designated the superior olive, are comparable to the superior olive of other teleosts on the basis of topographical position and connectivity with the torus semicircularis, the midbrain auditory center that is homologous to the inferior colliculus (Echteler, 1984; McCormick, 1992; McCormick et al., 1992; McCormick and Braford, 1993) . The dorsal and ventral tegmental groups, which make up the rostra1 portion of this column, together occupy roughly the same mediolateral position as the superior olive. The most caudally located biocytin-filled neurons positioned lateral to the ventral medullary nucleus (Fig. 9M) have not been previously reported in connectional studies of the teleost acoustic system. Like the dorsal and ventral tegmental groups, they may represent neurons that are specific to batrachoidids, or teleosts in general, that actively vocalize and are thus important loci of vocal-acoustic linkages.
Descending vocal motor pathway and an acoustic link The network identified here using biocytin as a transneuronal tracer must represent the basis for the descending motor pathway that activates the vocal pacemaker circuit. The positions of many, if not all, of the biocytin-filled neurons in the rostra1 medulla (hindbrain paraventricular, dorsal, and ventral tegmental groups) and the midbrain isthmal region correspond to low-threshold, brain stimulation sites for eliciting sound in toadfish and midshipman (Demski and Gerald, 1974; Fine, 1979; Bass and Baker, 1990, 199 1) . The functional role of each of these neuronal groups in determining the temporal and spectral properties of vocalizations can now be addressed with singlecell recording techniques.
A linkage between the vocal motor circuit and the acoustic system has been suspected, but its demonstration has been far beyond that available with current mapping techniques. Four populations of neurons were labeled following biocytin labeling of either the saccular or sonic motor nerve: the efferent octaval nucleus, the dorsal and ventral tegmental nuclei, and the ventral medullary nucleus. The large group of small, round neurons lateral to the ventral medullary nucleus might also be included in this network; biocytin-filled neurons were scattered in this region in some of the specimens with sonic nerve labeling. Together, these neurons likely form a complex circuitry linking primary and higher-order acoustic nuclei of the midbrain and rostra1 medulla with the more caudal, vocal motor system. This circuit could be the basis for acoustically evoked vocalizations (review: Fine et al., 1977) and a vocal-related, corollary disthe saccular branch of the eighth nerve (VIII) demonstrates dense inputs to the medulla at the level of the anterior eminentia granularis (E), anterior (40, F) and descending (DO; G, I, J) octaval nuclei. The dendrites (d) of biocytin-filled somata in the statoacoustic efferent nucleus (SE, Z-K) have a far lateral and rostrakaudal extent along the lateral brainstem within the trajectory of the lateral brainsten bundle labeled from the sonic nerve (see Fig. 7A ). charge (see Bell, 1989 ) that could serve two additional functions. First, central attenuation at sites along the ascending central auditory pathway might function in "protection" against the loudness of self-generated vocalizations, as suggested for bats (Suga and Shimozawa, 1974) . Second, as pointed out by Lin and Faber (1988) , the activation of saccular efferents, which have inhibitory inputs to hair cells in goldfish, might participate in maintaining the sensitivity of hair cells to external sound sources since the hair cell-afferent nerve synapse habituates with repetitive stimulation (Furukawa and Matsura, 1978; Lin and Faber, 1988 ; also see Winslow and Sachs, 1987, for mammals) . So far, the activation of saccular efferents has been described in the context of self-stimulator-y, locomotor acts, that is, swimming. Saccular efferents may also be activated during sound production via vocal motor input to central efferent neurons. Given the long duration of midshipman mate calls (Bass, 1992) it would be advantageous to override the habituation likely induced by continuous self-generated sound to permit detection of conspecific signals. Finally, from an evolutionary perspective, the results presented here strongly imply that links between vocal and acoustic brain regions are traits common to endothermic vertebrates like mammals (Suga and Shimozawa, 1974; Metzner, 1993) and ectothermic vertebrates like teleost fishes, that vocalize.
